The response of the marine Vibrio sp. strain S14 to starvation for carbon, nitrogen, or phosphorus and to simultaneous depletion of all these nutrients (multiple-nutrient starvation) was examined with respect to survival, stress resistance, quantitative and qualitative alterations in protein and RNA synthesis, and the induction of the stringent control. Of the conditions tested, carbon starvation and multiple-nutrient starvation both promoted long-term starvation resistance and a rapid induction of the stringent control, as deduced from the kinetics of RNA synthesis. Carbon-and multiple-nutrient-starved cells were also found to become increasingly resistant to heat, UV, near-UV, and CdCl2 stress. Nitrogen-and phosphorus-starved cells demonstrated a poor ability to survive in the presence of carbon and did not develop a marked resistance to the stresses examined. The carbon, nitrogen, and phosphorus starvation stimulons consisted of about 20 proteins each, while simultaneous starvation for all the nutrients elicited an increased synthesis of 42 polypeptides. Nine common proteins were found to be induced regardless of the starvation condition used and were tentatively termed general starvation proteins. It was also dem'onstrated that the total number of proteins induced in response to multiple-nutrient starvation was not a predictable sum of the different individual starvation stimulons. Multiple-nutrient starvation induced 14 proteins which were not detected at increased levels of expression in response to individual starvation conditions. Furthermore, four out of five phosphorus starvation-specific polypeptides were not induced during simultaneous starvation for phosphorus, nitrogen, and carbon. The results are discussed in light of the physiological alterations previously described for Vibrio sp. strain S14 cells starved for carbon, nitrogen, and phosphorus simultaneously.
The life cycle of bacteria in natural environments includes periods in which the cells exist in a metabolically active but nongrowing state because of limited availability of nutrients (30, 41) . This is part of the life cycle of unbalanced growth that characterizes any bacterium in any exosystem and includes periods of growth at various growth rates interspersed with periods of nongrowth, starvation, recovery, and regrowth. Heterotrophic marine bacteria are frquently depleted of energy, nutrients, or both in their natural W-abitat (14, 53) , and, in addition to studies demonstrating the existence of highly productive bacterioplankton in pelagic ecosystems (3, 6) , a case for low bacterial productivity by a rather inert bacterioplankton population has also been presented (9, 10). The use of nucleic acid probes and analysis of low-molecular-weight RNA profiles of natural bacterioplankton populations show that the predominant pool of the population does not account for the bacterial production observed (lla, 12a). Rather, only a limited number of species of the diverse mixed population may proliferate at any given time.
A few bacteria, such as Bacillus and Clostridium spp., respond to starvation by forming metabolically inactive endospores which are highly resistant to starvation and stresses such as heat and desiccation. However, the vast majority of bacterial species are able to survive nutrient depletion in the absence of such sophisticated means of cell differentiation and sporulation (15) . Nonetheless, relatively little is known about the starvation survival response of these nondifferentiating bacteria. The-marine Vibrio sp. strain S14 is capable of surviving periods of energy and nutrient starvation for extended periods of time (35) ; this ability is shared by a variety of other marine bacterial species (29, 35) . Vibrio species are ubiquitous in a variety of marine ecosystems and are common marine pelagic isolates (8, 45) . Their presence in sediments and association with phytoplankton and animals suggest that they have an opportunistic life cycle.
The response of Vibrio strain S14 during a transition from growth to energy and multiple-nutrient starvation is complex and includes a time-dependent series of molecular and physiological rearrangements accompanied by a sequential synthesis of starvation-inducible proteins (Sti proteins) (33, 34) . The multiple-starvation (Sti) stimulon (34) of Vibrio sp. strain S14 consists of approximately 66 proteins that are induced sequentially during simultaneous Starvation for carbon, nitrogen, and phosphorus. Some Sti proteins are transiently synthesized for short periods during starvation, while others are persistently expressed throughout a starvation period of at least 48 h (34) . Most Sti proteins are induced early during starvation, and these polypeptides seem to be the most important for survival, since inhibitors of protein synthesis added for a brief period at the onset of starvation greatly compromised long-term survival (34) . The addition of inhibitors after the first few hours of starvation has a minor effect on survival. Treatment of Escherichia coli cells with chloramphenicol or amino acid analogs during the first few hours of carbon starvation has been reported to cause a similar loss of culture viability during subsequent periods of prolonged starvation (40) . However, it should be noted that the deleterious effects of chloramphenicol on starvation survival could be the result of relaxing the stringent response rather than the inhibition of protein synthesis per se. The stringent response is the transient inhibition of stable RNA synthesis, protein synthesis, and many biosynthetic pathways after an amino acid or energy-carbon source downshift.
Some Sti proteins are also induced by stresses such as a temperature upshift and nalidixic acid and CdCl2 exposure (32, 34) . Nalidixic acid has been reported to induce both the heat shock (rpoH-controlled) and SOS (lexA-controlled) regulons (18) , while CdCI2 strongly induces the heat shock, SOS, and oxidation stress responses (oxyR controlled) in E. coli (52) . However, only a minor fraction of the proteins that are induced during either a temperature upshift or nalidixic acid or CdCl2 exposure are synthesized in increasing amounts in response to multiple-nutrient starvation in Vibrio sp. strain S14 (34) , suggesting that starvation does not provoke a full induction of any of the stress regulons described above, at least in Vibrio sp. strain S14.
The Amersham) . The rate of incorporation was determined by assessing the amount of radioactivity in the precipitate in cold 5% (wt/vol) trichloroacetic acid. After incubation for 1 h at 0C, precipitates were collected on membrane filters as previously described (37) . The radioactivity on the filters was determined in a liquid scintillation counter with Aquassure (New England Nuclear) as the scintillation fluid. Alterations in the rate of RNA synthesis in response to different starvation conditions were also examined in the presence of the relaxing agent chloramphenicol (100 ,ug ml-'). As a comparison, a known inducer of stringent control, serine hydroxamate (SHMT; 5 mM), was added to an exponentially growing Vibrio strain S14 culture and subsequently analyzed with respect to the kinetics of RNA synthesis.
Resolution of cell proteins on two-dimensional polyacrylamide gels. A portion (5 ml) from each starvation culture was removed after 10 min of nutrient depletion and pulse-labeled for 10 min with [35S]methionine (100 Ci ml-'; 1,166 Ci mmol-'). The nonstarved control was labeled for 10 min during exponential growth at an initial OD of 0.3 at 420 nm. Bacterial pellets were dissolved in lysis buffer (9.5% urea, 2% Nonidet P-40, 5% ,-mercaptoethanol, 1.6% Ampholine 5-7 [LKB Instruments, Inc.], 0.4% Ampholine 3-10) to produce extracts for resolution on two-dimensional polyacrylamide gels by the method of O'Farrell (38) . The first dimension was an isoelectric focusing gel containing 0.95% (each) Ampholine 5-7, Ampholine 3-10, and Servalyte 5-7 (Serva Feinbiochemica GmbH). The second dimension was a 12% polyacrylamide gel. Equivalent amounts of radioactivity were loaded for each matched set of gels, i.e., starved versus nonstarved bacteria (3 x 105 dpm). Autoradiograms (Fuji RX film) were prepared to permit visualization of the labeled polypeptides.
RESULTS AND DISCUSSION Changes in viability and OD during starvation for different individual nutrients. Aliquots from an exponentially growing Vibrio sp. strain S14 culture were challenged by a rapid depletion of either carbon, nitrogen, or phosphorus, and the viability was subsequently determined throughout a starvation period of 65 h. As depicted in after approximately 10 h, while the nitrogen starvation regimen maintained a high number of viable cells for at least 30 h (Fig. 1A) . The possibility that unbalanced growth would lead to a decrease in pH, and hence reduced viability, was ruled out by monitoring the pH in each flask. Cells simultaneously starved for all three nutrients remained as viable as carbon-starved cells for at least 120 h of starvation (data not shown), as described previously for Vibrio sp. strain S14 subjected to multiple-nutrient starvation (24, 35, 37) . The cell number increased approximately 1.5-fold during the first few hours in all starvation media examined (Fig. 1A) , probably as a result of the completion of ongoing rounds of DNA replication followed by cell division and partitioning.
The ODs of the cell suspensions decreased immediately at the onset of carbon and nitrogen starvation, while the OD of the phosphorus-starved regimen continued to increase during the first 6 h (Fig. 1B) . This increase is probably not a result of growth (Fig. 1A) but may be attributed to a pronounced increase in cell size due to the accumulation of the low-density polymer poly-,-hydroxybutyrate during the first 6 h of phosphorus starvation in Vibrio strain S14 as demonstrated by Marden et al. (24) . Indeed, the cells were found to be significantly swollen in the phosphorus starvation regimen (not shown).
A biphasic pattern of changes in OD for the carbon starvation regimen, with an initial rapid decrease followed by a slow and more gradual decrease over long-term starvation, was also observed in Vibrio strain S14 as a result of multiple-nutrient starvation (Fig. 1B) . exposed to multiple-nutrient (C, N, and P) starvation, it became increasingly resistant to subsequent, potentially lethal exposure to heat, UV and NUV irradiation, and CdCl2 (Fig. 2) . In addition, multiple-nutrient-starved cells are markedly more resistant than growing cells to ampicillininduced autolysis (36) . The starvation time required to reach the maximal level of stress resistance, expressed as the maximal number of cells becoming resistant to a fixed stress treatment, varied between 1 h for autolysis resistance (36) and about 70 h for NUV resistance (Fig. 2) .
Next, we investigated whether this increased resistance to the various stresses examined during multiple-nutrient starvation was the result of any particular starvation condition or a general feature of the nongrowth state regardless of the starvation condition causing it.
Sensitivity to an upshift in temperature during starvation for different individual nutrients. The cell viability after a rapid upshift in temperature from 26 to 40°C was determined for exponentially growing cells (0 h [Fig. 3] ), and at various times after either carbon, nitrogen, or phosphorus starvation (Fig. 3) . The ability of the stringency-inducing agent SHMT to induce thermotolerance was also tested (Fig. 3) . The serine analog SHMT competitively inhibits seryl-tRNA synthetase (50), thereby causing starvation of charged species of tRNA and inducing the relA-dependent induction of stringent control. However, it should be noted that SHMT does not exclusively alter the expression of proteins that are under control of the relA and spoT genes (31a) .
As depicted in Fig. 3 , all starvation conditions tested resulted in some degree of decreased sensitivity to an abrupt upshift in temperature. However, carbon-starved cells and cells treated with SHMT were markedly more thermotolerant than nitrogen-and phosphorus-starved cells (Fig. 3) . In addition, long-term nitrogen starvation (more than ance, while only 2 h of SHMT treatment provided an essentially full protection against the heat treatment employed (Fig. 3) . Starvation-induced development of thermotolerance was prevented by the addition of chloramphenicol (200 ,ug/ml) at the onset of starvation (Fig. 3 , graphs for carbon and nitrogen), indicating that starvation-induced gene expression may be required for the diminishing susceptibility to heat stress. In E. coli, the induction of the KatF regulator has been suggested to be involved in such increased thermotolerance during carbon starvation-induced entry into the stationary phase (20) .
Sensitivity to UV irradiation during starvation for different individual nutrients. Carbon-and phosphorus-starved cells of Vibrio sp. strain S14 became gradually less sensitive to potentially harmful, DNA-damaging doses of UV irradiation throughout the starvation period studied (Fig. 4) . In comparison, the long-term carbon-starved culture was markedly more resistant to and reached a maximal protection from UV stress after about 40 h of starvation (Fig. 4) . Nitrogenstarved cells reached maximal resistance after some 10 h of starvation and subsequently became less resistant again (Fig. 4) . Cells starved of nitrogen for 40 h were essentially as sensitive as cells growing exponentially in MNSS (Fig. 4) . The development of UV resistance appeared to be initiated after the first two phases of starvation (32), i.e., after the cessation of DNA replication, in contrast to autolysis resistance (36) and thermotolerance (Fig. 3) .
Sensitivity to NUV irradiation during starvation for different individual nutrients. A carbon-starved Vibrio sp. strain S14 suspension gradually became less susceptible to NUV stress during a period of 70 h, whereas the nitrogenstarved counterpart became more sensitive with increasing times of starvation (Fig. 5) . The phosphorus-starved cell suspension was transiently somewhat more resistant to NUV irradiation but did not reach the high degree of resistance reached by the carbon-starved counterpart (Fig.  5) .
High fluxes of NUV radiation exert toxic effects on procaryotes, primarily through oxidative mechanisms (13, 16) . The response to oxidative stress includes the induction of some 30 proteins suggested to be involved in a defense mechanism against this stress (4, 7, 28) , and pretreatment of E. coli and Salmonella typhimurium with a sublethal concentration of H202 results in protection against NUV irradiation (43, 51) . In addition, glucose-starvation-induced entry into post-exponential-phase E. coli cells results in a katE (21)-and xthA (42)-dependent decrease in sensitivity to oxidative stress. Both of these genes are positively controlled by katF (42, 44) , which encodes a putative sigma factor induced by the slowdown in growth as cells enter the stationary phase as a result of carbon source depletion (31) . It is tempting to speculate that NUV resistance during carbon starvation in Vibrio sp. strain S14 is due to the induction of an adaptive starvation-stress regulon homologous to the katF regulon in E. coli (20) . However, a starvation protocol involving transferring of exponentially growing cells into a medium lacking any one of the nutrients examined in this study was demonstrated not to result in an induced expression of the katF gene in E. coli (31) . The stringent-control regulon may be of additional importance Sensitivity to UV irradiation during starvation for different individual nutrients. Viability was determined after the initiation of UV stress (wavelength, 254 nm) as described in Materials and Methods. The times of starvation at which stress was initiated are given in the graphs.
for starvation-induced resistance to oxidative stress, since S. typhimurium relA cells have been shown to be markedly more sensitive to NUV than the isogenic parents (17) . Oxidation stress may be a regular feature in marine waters. This stress would be due to the relatively high concentrations of hydroxyl radicals formed during oxidation of organic matter (27) .
Sensitivity to CdCl2 exposure during starvation for different individual nutrients. All of the individual-nutrient starvation conditions tested resulted in a significant decrease in the cells' sensitivity to CdCl2 exposure (Table 1) . A 2-h exposure to 400 ,uM CdCl2 had essentially no effect on cells starved for 24 h, while only about 10% of the exponentially growing cell culture withstood this treatment ( Changes in the rate of protein synthesis as a result of starvation for different individual nutrients. The rate of leucine incorporation decreased rapidly at the onset of carbon starvation to approximately 40% of the rate demonstrated for cells growing exponentially in MNSS and then increased and subsequently decreased gradually during longterm starvation (Fig. 6) . A similar multiphasic alteration in the rate of protein synthesis was elicited in response to multiple-nutrient starvation (Fig. 6) . The rate of protein synthesis was also immediately reduced at the onset of nitrogen and phosphorus starvation, but to a lesser extent than during carbon or multiple-nutrient starvation (Fig. 6 ). In addition, the rate of leucine incorporation in the nitrogenand phosphorus-starved cell suspensions decreased more gradually after the initial drop and did not show a second peak in protein synthesis (Fig. 6 ).
Kinetics of RNA synthesis during starvation for different individual nutrients. The rate of RNA synthesis decreased immediately as a result of carbon or multiple-nutrient starvation (Fig. 7) . However, this response could be abolished by simultaneous treatment with chloramphenicol (Fig. 7) . Chloramphenicol is known to relax the stringent response (2) . It was also demonstrated that the addition of the stringency-inducing agent SHMT (26, 46) to exponentially growing Vibrio strain S14 cells caused a similar rapid reduction in RNA synthesis which could be counteracted by chloramphenicol (Fig. 7) . The rate of RNA synthesis decreased to a lesser extent during both nitrogen and phosphorus starvation and could not be counteracted by the addition of chloramphenicol (Fig. 7) . These results indicate that carbon starvation and simultaneous starvation for carbon, nitrogen, and phosphorus provoke a stringent control-like response in Vibrio strain S14, while nitrogen or phosphorus starvation does not. It has previously been demonstrated that starvation for amino acids or exposure to CdCl2 provokes a typical stringent response, including a marked accumulation of ppGpp in parallel to a rapid shutdown of RNA synthesis in Vibrio strain S14 cells (34 scribed above may suggest that carbon depletion is the determinant for several events, including survival (Fig. 1) , stress resistance (Fig. 2 to 5) , and changes in kinetics of protein (Fig. 6) and RNA (Fig. 7) synthesis, that occur in response to the imposition of multiple-nutrient starvation. To identify further the response to starvation for different nutrients, we compared the two-dimensional gel patterns of Vibrio sp. strain S14 cells subjected to individual-nutrient starvation conditions as well as simultaneous starvation for all nutrients examined. The starvation samples were removed after 10 min of starvation, pulse-labeled for 10 min for measurement of synthesis rates of individual proteins, and compared with a preshift control labeled for 10 min in the exponential growth phase. A visual inspection of the autoradiograms revealed that approximately 20 polypeptides were markedly induced when the cells were starved for carbon or phosphorus, while 21 were induced by nitrogen starvation (Fig. 8) . Simultaneous starvation for all nutrients elicited an increased expression of about 42 proteins (Fig. 8), i.e., the individual starvation stimulons shared member genes. The results of the visual inspection of the twodimensional autoradiograms are summarized in Fig. 9 . A number of noteworthy observations can be obtained from this figure. First, carbon depletion does not seem to be the major determinant for protein expression during multiple starvation. The carbon starvation stimulon did not overlap with the multiple-nutrient starvation stimulon to a greater extent than did the nitrogen and phosphorus starvation stimulons. Second, a fraction of the proteins belonging to the carbon, nitrogen, and phosphorus starvation stimulons was induced regardless of the starvation condition employed (general starvation proteins Gsl to Gs9 [ Fig. 9]) . A similar overlap between starvation stimulons has previously been described for S. typhimurium (47), Bacillus subtilis (12), and E. coli (11 marine Vibrio sp. strain S14 and the differentiating bacterium B. subtilis. Long-term survival, "dwarfing", and stress resistance were observed only for carbon-or multiple nutrient-starved Vibrio strain S14 cells, while long-term nitrogen or phosphorus starvation in the presence of carbon resulted in significant cell death and only weak or transient development of stress resistance. These results indicate that the general starvation proteins (Gs) of Vibrio sp. strain S14 are not directly involved in starvation survival or that these proteins are persistently synthesized only during long-term carbon or multiple-nutrient starvation. The latter possibility could not be explored in this study, in which only proteins synthesized initially during starvation were monitored. In addition, carbon and multiple-nutrient starvation were the only conditions that provoked a rapid shutdown of RNA and protein synthesis, typical of the stringent response, during the initial phase of starvation and subsequently altered the rate of protein synthesis in a starvation phase-specific manner (32, 34) . To further analyze the role and regulation of general and carbon starvation proteins, we have constructed a series of Mu-directed lac operon fusion mutants of Vibrio sp. strain S14 and initiated cloning of starvation-inducible genes by the technique of reverse genetics. A number of such Mudlac insertions in starvation-inducible genes of S. typhimurium were found to impair the cells' ability to survive prolonged periods in the stationary phase (48) . Furthermore, Tormo et al. (49) isolated an E. coli strain with a mutation in a gene (surA) which was found to be essential for survival in stationary phase but not required for exponential growth. Similarly, the katF gene product suggested to serve as the sigma factor for a starvation stress resistance regulon in E. coli (20, 31) was found to be not only required for thermotolerance and oxidative stress resistance but also essential for survival during prolonged periods of starvation in the absence of secondary stresses (20, 25, 31) . It is clear that periods of nongrowth may regularly occur for bacteria in natural environments (5, 9, 10, 29, 30, 41) . Specific studies have addressed the question of the identities of growth-limiting substrates and suggested that carbon, nitrogen, or both limit or prevent growth of heterotrophic bacteria in pelagic marine populations (53) . The relationship between primary and bacterial production may indicate that the concentrations of organic carbon compounds limit production of bacterial biomass (6, 19, 39) . This observation is also supported by the work of Kirchman (14) , who showed that bacteria in the subarctic Pacific Ocean were limited by organic carbon, not nitrogen. The present article provides physiological data that support the concept that depletion of carbon in particular may allow for long-term survival of Vibrio species under growth-limiting conditions. 
